['*C]-thymidine to label the DNA of proliferating cells and autoradiography to reveal the thymidine label. The development of antibodies to the thymidine analogue 5-brOmOdeoxyuridine (BrdU) has allowed the development of an immunocytochemical method analogous to the thymidine autoradiographic technique. In direct comparisons, we found that the immunocytochemical method consistently detected a larger number of proliferating cells. This suggests that it may be a more sensitive index of proliferation than thymidine autoradiography in some systems. We used the BrdU method to analyze the cycle of astroglia cultured from neonatal mouse cerebral cortex. Cells were exposed to BrdU for 1 hr to label a discrete subpopulation of proliferating cells.
Introduction
During the mammalian cell cycle, chromatin is replicated during the DNA synthesis @)-phase before cell division, which occurs during mitosis (M). By introducing labeled DNA precursors into a tissue, cells that are about to divide can be identified and they or their progeny can be traced over time. Studies of the cell cycle both in vivo and in vitro have traditionally employed radiolabeled thymidine and autoradiography. In theory, [ 3HI-thymidine is incorporated into the nuclei of cells which are synthesizing DNA (S-phase cells). These labeled cells will undergo mitosis within the next several hours, after completing S and a short intervening gap phase (G2). Such cells can be identified by an autoradiography procedure that exposes the radiolabeled thymidine in their nuclei. When thymidine is available to cells for relatively short periods of time (1 hr or less), discrete populations of cells are labeled and the length of the cell cycle (T,) can be estimated by charting the percent of labeled mitoses vs time after thymidine incorporation (Korr, 1980; Quastler and Sherman, 1959) . The length of the combined G2 + M phases can be estimated by the time between thymidine exposure and the appearance of the first pair of labeled daughter cells. By At 2-36 hr after the pulse, a combination of anti-BrdU immunocytochemistry and counterstaining with propidium iodide was used to identify proliferating cells. The length of the cell cyde was determined by charting the percent of BrdUlabeled mitotic cells vs time after the pulse. We found the average length of the cell cycle of astrocytes grown in vitro to be 20.5 hr. The combined G2+M phases were 2-3 hr.
These d u e s are virtually identical with those found for glial cells in vivo, suggesting that the culture environment does not interfere with the normal control of cell cycle length.
( J Hisrochem Cytochem 40:1405-1411, 1992)
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exposing cells to both [3H]-thymidine and [ 14C]-thymidine at appropriate intervals, the length of the S-phase can also be calculated (Korr, 1980; Korr et al., 1973) . Once Tc, S, and G2+M are known, the length of GI, the longer gap phase between M and a subsequent S, can also be calculated (Korr et al., 1973) . The thymidine autoradiography technique has been successfully used to estimate cycle parameters in a number of systems including gliomas ( KO et al., 1980) . pyloric antrum (El-Alfy and Leblond, 1987) , hair follicle (Cattaneo et al., 1961) and duodenal epithelium (Quastler and Sherman, 1959) , as well as rodent brain (Korr, 1980; Korr et al., 1973 Korr et al., ,1975 Schultze et al., 1974) .
In the present study a non-radioactive system analogous to the [3H]-thymidine technique was used to measure the Tc of cultured mouse astroglia. The technique combines labeling and immunocytochemistry for bromodeoxyuridine (BrdU) with propidium iodide (PI) counterstaining. BrdU is a thymidine analogue which is also taken into the nuclear material of S-phase cells and PI is a fluorescent chromatin stain. The detection of BrdU-labeled cells with monoclonal antibodies has been increasingly used in lieu of thymidine autoradiography in analyses of cell proliferation (del Rio and Soriano, 1989; Nowakowski et al., 1989; Shibui et al., 1989; Yong and Kim, 1987; Morstyn et al., 1986; Gratzner, 1982) . S-phase cells were exposed to BrdU for 1 hr, then fixed from 2-36 hr after labeling, immunostained for BrdU, and counterstained with PI. PI stains all chromatin and allows identification of M-phase cells, which are then examined for BrdU immunostaining. When the average Tc of the BrdU-labeled cultured astrocytes was calculated using the percent of labeled mitoses method, the results agreed closely with both in vivo and in vitro measurements of T, based on the thymidine autoradiography procedure (KO et al., 1980; Korr et al., 1975) . In comparative studies, BrdU immunocytochemistry consistently labeled a higher proportion of cells than [ 3H]-thymidine autoradiography. Possible reasons for this phenomenon include preferential uptake of BrdU and the sensitivity of the immunocytochemical assay, as well as biochemical differences between the two compounds which may affect their processing within the cell before entry into DNA.
Materials and Methods
All experiments were performed using the Wayne State University Animal Investigation Committee guidelines for the care and use of laboratory animals. The animal care program is accredited by the AAALAC. Primary cerebral cell cultures were derived from &day postnatal mice as previously described (Knapp et al., 1987) . Briefly, cortices were stripped of their meninges and subjected to enzymatic and mechanical dissociation. Approximately 220,000 cells from the resulting single-cell suspension were plated onto 15-mm poly-L-lysine (Sigma; St Louis, MO)-coated glass coverslips and kept in a humidified atmosphere of 95% 0 2 , 5 % CO2 at 37°C. The cells were grown in Dulbecco's modified Eagle's medium with 6 mg% glucose, 0.5 x antibiotic-antimycotic solution (Gibco; Grand Island, NY) and 10% fetal calfserum (HyClone; Logan, UT). The medium was changed every 3-4 days. Experiments were started when cells were 4 days in vitro and <50% confluent.
Coverslips with live cells were incubated in normal medium containing 20 pM BrdU (Sigma) at 37°C for 1 hr, then thoroughly rinsed in fresh medium at the same temperature. Rinsed cells were returned to the incubator for 1-35 hr, then removed and fixed in 4% paraformaldehyde for 10 min. followed by a second fixation in 70% EtOH at -20°C for 30 min. Subsequent steps were performed at room temperature. Coverslips were rehydrated in 0.1 M PBS, pH 7.4, and then placed in 1 M HC1 for 10 min to denature DNA. Denaturation is a critical step, since it makes the BrdU binding sites accessible to the antibody (del Rio and Soriano, 1989; Moran et al., 1985) . The HCI was neutralized in 0.1 M borate buffer, pH 8.5, for 10 min. After rinsing in PBS, mouse anti-BrdU (Eurodiagnostics; Apeldoorn, The Netherlands) was applied for 1 hr at a 1:10 dilution, followed by rinsing and application of fluorescein-conjugated goat anti-mouse IgG (Boehringer Mannheim; Indianapolis, IN) for 1 hr at a 1:40 dilution. The cells were then rinsed, stained with PI (2 mg% in PBS) (Sigma) for 1 min, and mounted in a non-fluorescent medium. Fluorescence was visualized on a Leitz Laborlux microscope equipped with epifluorescence and appropriate wavelength fluorescence filters. The BrdU immunostaining technique is based on previously published reports (del Rio and Soriano, 1989; Yong and Kim, 1987) .
The cell cycle was analyzed by the percent of labeled mitoses method (Korr, 1980; Quastler and Sherman, 1959) . Mitotic cells in metaphase and anaphase were first identified by PI staining of their chromatin (Figures 1 and 2). Only the large, flat, astrocytic cells in the culture (Figure 3 ) were considered. The majority of the cells in these mixed brain cell cultures are of this type. Each mitotic cell was then viewed under fluorescein optics and scored as being either BrdU positive or negative. Between 100-200 mitoses were analyzed for each time point in each experiment. A graph was generated to chart the percent of labeled mitoses vs time (Figure 4 ) and the length of the cell cycle was estimated from the interval between successive peaks on the graph (Korr, 1980) . All photographs were taken with Kodak Tri-X 400 ASA film.
Coverslips to be autoradiographed were incubated in medium containing 1 WCilml [3H]-thymidine (25 Cilmmol) (DuPont-NEN Wdmington, DE) for 1 hr at 37'C. After rinsing for 30 min in three 5-ml changes of medium, the cells were fixed in 4% paraformaldehyde, rinsed for 5 min in distilled water, air-dried, and mounted cell side up on microscope slides with Aquamount (Polysciences; Warrington. PA). The coverslips were dipped in NTB-2 emulsion (Kodak; Rochester, NY) diluted 1:3, exposed for 1 week at 4°C and developed in full-strength D-19 (Kodak) for 3 min at 17T. Silver grains were viewed under bright field or epifluorescence conditions and cells with six or more grains overlying the nucleus were considered to be labeled. In studies combining BrdU immunocytochemistry with autoradiography, coverslips were incubated for 17 hr in medium containing both BrdU and ['HI-thymidine, then processed for BrdU before dipping. Development was in full-strength D-19 for 6-8 min.
BrdU and [ 'HI-thymidine labeling indices were compared by two methods. In the first, sets of coverslips from the same culture were separately pulsed with either BrdU or [ 'HI-thymidine for 1 hr. BrdU-and thymidinelabeled cells were counted across the diameter of duplicate coverslips in three different experiments (liable 1). In the second method, cells were exposed to BrdU and ['HI-thymidine simultaneously. In three separate experiments, 100 thymidine-labeled cells were examined for BrdU staining, and 100 BrdU-labeled cells were examined for thymidine labeling on duplicate coverslips ( 
Results
Because PI localization conforms to chromatin distribution, cell cycle stages are easily visualized when cells are stained for PI (Figure 2) . Mitotic cells (meta-and anaphase) were identified by their PI staining pattern, then examined for BrdU immunostaining. At 2 hr after a BrdU pulse there were no mitotic cells with BrdW nuclei, suggesting that the cells labeled in S-phase had not yet completed G2. The length of G2 is probably between 2-3 hr, since the first mitotic BrdW cells were seen by 3 hr. As incubation time after BrdU exposure increased the percentage of mitotic BrdU' cells also increased until it peaked at 97% at 10.5 h r (Figure 4) . Thereafter the percentage of mitotic labeled cells declined as the majority of cells that were labeled in S-phase transited M and entered GI. The percent of labeled mitoses began to increase again by 26 hr. This second rise, caused by the labeled cells undergoing a second mitosis, peaked at 31 hr. The second peak was broader and of lower amplitude than the first peak, and this pattern is expected for several reasons. First, there are differences in the lengths of the cycles of individual cells and these differences become exaggerated as the number of charted cycles increases. In addition, small numbers of cells stop cycling after the first peak, while others which were initially quiescent may start to cycle again. Some labeled cells also die before they complete a second division. The time between the first and second peaks is a good estimate of the average cell cycle length (Korr, 1980) , and this was 20.5 hr. The timing of the peaks was very reproducible, varying within only 30 min for the first peak and 1 hr for the second peak. These results have been presented in abstract form .
In this system, immunocytochemistry for BrdU was a more sensitive indicator of S-phase cells than the traditional autoradiographic method. Using two different methods of analysis, we found that BrdU immunostaining consistently yielded a higher labeling index than [ 3HI-thymidine autoradiography. When BrdU and [ 3H]thymidine were added simultaneously to a coverslip, all thymidinelabeled cells were BrdU+ but only 70% of BrdU+ cells were judged to be thymidine labeled ( Table 2) . Since [ 3H]-thymidine and BrdU are likely to compete for uptake during D N A synthesis (Boswald 2 hr (A,B), 8 hr (C,D) . and 10 hr (E,F) after exposure to ErdU. Metaphase cells identified at 2 hr (arrows in A) have not incorporated ErdU into their nuclear material. Cells entering metaphase at later time points (arrows in C and E) are increasingly immunostained for ErdU (arrows in D and F). Original magnification x 500. Ear = 10 pm. (Table 1) . These results were highly reproducible, varying between 60-65% in three different cultures. Identification of BrdU+ cells was unambiguous, since there was negligent background staining and the fluorescence was confined to the area of the chromatin. Even cells whose nuclei were overlapping or situated very close together were easy to distinguish with BrdU, although this was not always the case with thymidine. In addition, cells exposed to BrdU were highly fluorescent even at 36 hr after the pulse, suggesting that the technique may be valid for long-term studies.
Discussion
The in vitro length of the cell cycle of astroglia measured in the present study agrees quite closely with previous measurements, both in vivo and in vitro. Our measurements using BrdUlPI show a Tc of 20.5 hr and a G2 length between 2-3 hr. Korr and co-workers, using thymidine autoradiography, estimated the Tc of glia in the adult mouse CNS at 20 hr. with a G2 phase of less than 3 hr (Korr et al., 1973 (Korr et al., , 1975 . Other studies basically concur with this estimate, although noting some diurnal variation (Hommes and Leblond, 1967) . In vitro studies with thymidine autoradiography show a Tc of 24 hr in late embryonic rat cultures (KO et al., 1980) and a slightly longer Tc of 29 hr in chick glia (Barakat et al., 1985) . Korr et al. (1975) showed a very small standard deviation in the cell cycle length of total glia in vivo, suggesting that astrocytes and oligodendrocytes have similar cycle parameters. The fact that the estimated lengths of rodent glial cell cycles are very similar when measured in vivo and in vitro suggests that the culture environment does not alter the signals that determine cycle length.
Although glial cells in the adult CNS and those in our cultures have a similar Tc, the percentage of the total cells that are actually cycling is very different in each case. This "growth fraction" is minimal in adult rodent CNS tissues in vivo (0.4%) (Korr et al., 1975) , but in our non-confluent cultures it is over 80% (P.E. Knapp, unpublished observations) . The growth fraction and Tc do not have a consistent relationship even within the intact CNS. For example, Tc is quite short (9-11 hr) in the early embryonic rodent neural tube, a time when the growth fraction is close to 100% (Schultze et al., 1974; Waechter and Jaensch, 1972; Kauffman, 1968) . However, although the growth fraction remains high in late embryonic neural tube cells, Tc has slowed to an adult length of 20 hr or more (Waechter and Jaensch, 1972) . Factors that promote cell division apparently do not influence the length of the cell cycle, at least in a consistent manner.
Our studies comparing BrdU and thymidine show that BrdU immunostaining may detect S-phase glial cells more reliably than traditional autoradiography. With two different methods, the labeling index of our cell population was consistently found to be one third lower using thymidine (Tables 1 and 2) . A similar though lesser difference was seen in BrdU and thymidine comparisons in fetal mouse colon cultures (Morstyn et al., 1986) . There are several factors that might contribute to this discrepancy. Since BrdU immunostaining conforms exactly to the distribution of chromatin, it is quite easy to distinguish between labeled nuclei which are closely apposed or overlie each other. Second, when cells were co-incubated with BrdU (20 pM) and [3H]-thymidine (1 pCilml), the intensity of BrdU staining was not affected. but the time required for autoradiographic development was increased. This suggests that BrdU uptake may be preferential to thymidine uptake, as reported in two other systems (Boswald et al., 1990; Hamada. 1985) . Chemical differences between the compounds might play a role here, affecting such things as their distribution and exit from soluble pools within the cytoplasm and their permeability across membranes. In addition, although the dilution of [3H]-thymidine after cell division may reduce the total number of silver grains over the nucleus (Korr et al., 1975) , the intensity of the BrdU signal was not noticeably diminished in cells that had completed two cell cycles (up to 36 hr after the pulse). Given this sensitivity and the suggestion that BrdU is more readily incorporated into DNA than thymidine, cells that are in S-phase for only a portion of the entire labeling period may be detected more readily with BrdU immunocytochemistry. This is especially true because incorporation of [ 3H]thymidine into DNA has been found to vary from relatively low levels during early and late S-phase to a peak at 2/3 S (Naito et al., 1987) . The concentrations of BrdU (20 bM) and [3H]thymidine (1 Ci/ml = 0.05 pM) used in this study were not equimolar but were chosen to reflect standard doses used in culture studies. The molarity difference may also contribute to the labeling discrepancy. However, equimolar studies are not feasible because higher levels of [3H]-thymidine are toxic to glia in long-term experiments (Hirayama et al., 1984) and doses of BrdU lower than 10 pM are not reliably detected by immunocytochemistry. In addition to the sensitivity factor, there are other advantages Each value represents the average of two coverslips at 7 days in vitro. On each coverslip 100 thymidine-labeled cells were selected and assessed for BrdU immunostaining. After this, 100 BrdU' cells were selected and assessed for thymidine labeling.
to using the non-radioactive BrdU procedure in certain systems. Results are obtained quickly because the long autoradiography exposure periods are eliminated, a particular advantage in thicker tissue sections for which exposure times of 1-2 months are common. The fact that BrdU immunostaining conforms rather exactly to the chromatin pattern (Figure 1) may be helpful for studies in which the stage of the cell cycle must be determined. Although we have used fluorescent visualization in this study, second antibodies conjugated to different markers can be used for experiments in which a more permanent reaction product is desired. A disadvantage with BrdU is the inability to accurately calculate the length of the S-phase, classically determined by double-labeling with [3H]-thymidine and [ '*Cl-thymidine (Korr et al., 1973; Wimber and Quastler, 1963) . The availability of antibodies to iododeoxyuridine (Shibui et al., 1989 ) may eventually permit double labeling. A rough estimate of the length of S could be made by measuring the time between 50% points on the increasing and decreasing sides of the percent labeled mitoses graph (Cattaneo et al., 1961; Quastler and Sherman, 1959) . Another problem is the toxicity of BrdU to certain cell types. Some concentrations of BrdU inhibit neuronal differentiation in Xenopus and chick spinal cord neuroepithelium (Bannigan, 1987; Dribin and Jacobsen, 1978) . In other studies, migration and differentiation were unaffected (Nowakowski et al., 1989) suggesting that the effect may be either tissue specific or dose related. Toxicity was not seen in the present study or in others in which we have used BrdU during oligodendrocyte development in culture (Knapp, 1991) .
The BrdUlPI immunocytochemistry technique used here to determine cell cycle parameters proved more reliable than [ 3H]thymidine autoradiography in detecting proliferating astrocytes in our cultures. Since the reasons for the labeling discrepancy are unclear, this higher sensitivity cannot be assumed to follow for other tissues and cell types. Using the BrdU/PI technique we measured the Tc of cultured astrocytes and found it to be almost identical to estimates of Tc determined for glial cells in vivo. Because Tc does not change even when astrocytes are grown in an artificial culture environment, we believe that the length of the cycle is controlled largely by factors intrinsic to the cell. Although the present experiments were done on astroglia, the technique should be adaptable to other culture systems as well as to tissues in vivo.
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